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Illumination under ’lkees 

Nelson Max 
Lawrence Livermore National Laboratory 

e-mail: max2@llnl.gov 

Abstract 

This paper is a survey of the author’s work on illumi- 
nation and shadows under trees, including the effects 
of sky illumination, sun penumbras, scattering in a 
misty atmosphere below the trees, and multiple scat- 
tering and transmission between leaves. It also de- 
scribes a hierarchical image-based rendering method 
for trees. 

Keywords: penumbras, multiple scattering, radiosity, 
atmospheric illumination, shadows, hierarchical mod- 
els, image-based rendering. 

1. Introduction 

Illumination effects under a canopy of trees are very 
complex, due to shadowing and interreflection from 
many leaves and branches. This paper is a survey of 
my work in this area, including the effects of sky illu- 
mination, sun penumbras, scattering in a misty atmo- 
sphere below the trees, and multiple scattering and 
transmission between the leaves. 

The input to these calculations is a geometrical 
model for the trees. Impressively detailed and beauti- 
ful models have been produced by Prusinkiewicz et 
al. [ l  - 51, de Reffye et al. [6], Weber and Penn [71, 
and Reeves and Blau[8]. In this work, I use models 
from Bloomenthal [9], Lintermann and Dewsen[ 101, 
and Ohsaki et al. [I  1, 121, as well as a hierarchical 
model of my own, described in section 2 below. 

For the basic shadowing, I use variants of the shad- 
ow volume algorithm of Crow [ 131, the Z buffer algo- 
rithm of Williams [14], and the ray tracing algorithm 
of Whitted [ 1.51. Section 3 describes the atmospheric 
illumination in the mist below the trees, sections 4 
and 5 describe two methods of generating the penum- 
bras from the sun’s disc, and section 6 describes an 
approximation to the multiple scattering among the 
leaves. 

2. Hierarchical Image-Based Modelling 

Since trees are complicated to model and render with 
polygons, an alternative is image-based modelling, in 
which color/depth images from a small collection of 
input views are reprojected for a new viewpoint. 
Chen and Williams [ 161 first did this reprojection 
based on image flow over large smooth or planar re- 
gions. 

However, for trees with many small leaves, there 
are no large regions with coherent depth, so I chose 
to reproject each pixel separately, as described in 
[ 171. I precomputed the input images in orthogonal 
views, as RGBa images without lighting, but with a 
depth and normal vector at each pixel. Each non- 
transparent pixel corresponds to a 3D point, whose x 
and y coordinates are determined by the pixel loca- 
tion and whose z coordinate is determined from the 
depth. This point is reprojected in perspective into a 
new view, using a 4 by 4 transformation matrix which 
is the product of the viewing matrix for the new view 
and the inverse of the viewing matrix for the input 
view. The normal is also rotated into the new view 
with the upper left 3 by 3 rotation part of the transfor- 
mation matrix, for shading in a new lighting situa- 
tion. 

One innovation was to store information for sur- 
faces at multiple depths along the viewing ray 
through each pixel, as in the A buffer of Carpenter 
[ t 81. This allows surfaces which might otherwise not 
have been visible in an input view to be reprojected 
into a new view where they become visible, solving 
the “disocclusion” problem. A similar idea was later 
used in the Layered Depth Image (LDI) of Shade et 
al. [ 191. I also reprojected several of the nearest input 
views, to better cover the new view and avoid missed 
“hole” pixels. 

Figure 1 shows such a reprojected view of an 
Abies sachalinensis Masters tree as modelled in [ 1 11, 
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and figure 2 shows several Mugnolia OBaVcrkr Thun- 
bergtnes,as~lk!din[12].sBoQwswenadQd 
to figun 2 with the ZbuffersiWJw aIgmwmof WII- 

thcsame3Dpaintsiwoaa li&ns [MI, by reprryecslag 
orthogonal image from thc point of view of the 8uh 
and using the depths in this imyrc for cumparim to 
see which surface points am visible frr#n tb sun. 

. .  

between the rcprojeCtcd pixels. Thest holes can be 
filled by raprojacting each input pixel into a larger 
block of ourput pixals, but &is msuits in a blocky ap- 

a hierarchical reprojection algorithm, when the trte 
gsometry is baaed on a hknuchy of objects of differ- 
cut siz#, & with itsown setofpmcomputed views. 
Ihe BighecdW d M l  is the sin@ scanned maple 
leaf Shawn m figme 3, as an RGBa textwe in a single 
ncsngk, piarue4 dwwsabrsach at an intcnncdjate 

um 6 shavs a view fiom near the tne. using rcjm&c- 
tions of objects at different levels of detail and 

each objea fop the new viewpoint. Figure 7 shows a 

rccolorai in diffuw fall colors. 

psanna tothe output Therefore in [20] I developed 

kvci ofdmil,andfigWr:s showsthe whosetme. Fig- 

resol- as taquind tog8tthc pFoperr*solutim of 

gmve of d of these maple trte% with the leaves 
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These npFojaction methods [l?, 191 arc good for 
viewing a tree from outside, but if the perrpactivc 
viewpoint moves too close, missed pixels show up 



rectangles through dreobjactvdpme, pmlkl to the 
image plane of the input view. The alpha test of 
OpenGL is used to #ka oaly ebore frasmsntsoftbe 
t e x w  polygon whom wotw Qptbs lie witbin an 
spproprirrte &ptb slab of ehch of tbmc r e C r n ~ l t S .  
When tbc textured mmglr are trensfomwd into 
Wr  cum^ poritMnr io drc QSW view, this spproxi- 
~ t k p : p a L p b x d ~ . T h i o m e t h o d c r m n a t  
nqrqjscr mrdalpb !arfimS at the swc pixd of tern4 
w I s l i d  the tree volume in each input view into 
I W ~  lerp, shbe, each with its own texture. 

1 I 8lm used the ODenGL color matrix in a second 

uct with the light vector, and to create a black and 
white shading image, as suggested by Westennann 
and Ertl[23].Ihe alpha test was again appl i i  to gen- 

'. A Brave Of' mubred msplcetsr. 
printed witb pamitsioa ban [m]. 



erstetbc ssme-as in tbeuoohadcdcdarim- 

the shading image to get a shaded view, using 
opcnciLimagccopyand~fuactionr.  

1 revised the recursive traversal algorithm in the 
a b o w ~ t o d l c e t t h e m o d t Y v r c r w  *mrtr ias  
forauneededmstancto ofaacbiaputimrse,psdthen 
doall- d ~ ~ ~ m ~ s o  
that each burtun is kredsddy owe pafrcrme. NGY- 
erthelcss, I only sot a spacd up frrctor of 5 owr the 
softwanmcthod,whicbwasadeIunIghfffreaitime 
motion through fomm with nudtiple bees. Pigum 8 
shows an imogecmsr8d witb this hadwuu m&M& 
using both the hierarchical maple W e t  described 
above and a hierarchical oak tree creatud by Oliwr 
Deusscn using thc method of [IO]. 

age. ~ i y  r multipued the uackdsdcdm imryrs by 

3. A t m o q i d c  l b n h a t h  and Sbdows 

In order to compute the effccts of scattering from 
mist droplets, the illuminated and shadowed reg- 
ments along each viewing ray must be found, and 
then the scattered illuminalion can be computsd by 
integration along the illuminated segments. To do 
this, I used the shadow volume dpritbm of Crow 
[ 131, which augments tbe mode1 gametry with extra 

wedges, bounded by a @kedge of the input d- 
el, and the extension of the rays between the light 
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Ifa viewing my to a point Paowes a front-facing 
sbedow polygon, it enters a shadow, and a back-fac- 
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is iuhiabd with the numberdscac polygons shad- 
~tbsviagroint,inenmcn tcd fop each front fac 
bg poly&m crowd, and dsawaeated fm each back 
Wag 0116. If &a d t  is positive, P is in shadow. 
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bwdwam, WingtheOpaaGL stencil b U f k  Q count 
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owed volumes as beams diverging from the 
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The leaves were modeled as 14 sided polygons, in- 
stead of as the RGBa textures described in section 2 
above, in order to generate the correct shadow poly- 
gons. This defines a very large number of shadow 
polygons, so instead of generating them and includ- 
ing them in my software scan line algorithm, I creat- 
ed them on the fly as needed. 

If I had used the traditional horizontal scan lines, 
then the scan planes through the eye and the scan 
lines in the lower half of the image would intersect al- 
most all the shadow polygons, slowing down the al- 
gorithm. Instead, I used polar coordinates, with radial 
scan lines radiating from the projection of the light 
source. These are the projections on the image plane 
of scan planes through the viewpoint and the light 
source, as shown in figure 1 1. The advantage is that 
the only shadow polygons that can affect such a scan 
plane are cast by polygon edges which intersect that 
scan plane. 

Figure 1 1. Four scan planes, meeting at a line L between the 
viewpoint V and the light source L. They intersect the view plane 
T in four radial scan lines from the point 0 where L intersects T. 

I generated the shadow rays in which these shadow 
polygons intersect the scan plane by processing the 
opaque polygon edges intersecting the scan plane in 
radially increasing order along the scan line, in a vari- 
ant of the Watkins span-coherence hidden surface al- 
gorithm [25]. As shown in figure 12, this means that 
at the time a visible span segment of an opaque poly- 
gon is shaded, the shadow rays in front of it have al- 
ready been created, and can be used to determine the 
illuminated segments along the viewing rays, as well 

as whether the span is in shadow. (If the light source 
is on the opposite side of the viewpoint as the view 
plane, the processing must be done in radially de- 
creasing order instead.) 

Figure 10 was resampled from polar coordinate 
scan segments into a normal raster image using the 
algorithm of [26]. It is a frame from the animation 
[27]. The shadows on the bumps in the tree bark were 
determined by horizon mapping [28]. 

Figure 12. A scan plane containing the viewpoint V and the light 
source. S ,  intersecting the opaque input polygons in segments FG, 
HI, JK, and LM, and the view plane in radial scan line OQ. The 
polygon edge intersections with this scan plane, in outwards radi- 
al order of their projections on OQ, are F, G, H. I, J, L, M, and K. 
At the time surface point P on segment JK  is shaded, the shadow 
rays SFA, SGB, SHC, SID, and SJE have been created as the ra- 
dial scan passed points F, G, H, I, and J, and these shadow rays 
mark off the illuminated segments VA, BC, and DE on the view- 
ing ray VP. Since there- are three front-facing and two back-facing 
shadow ray intersections. and the viewpoint V is not itself in 
shadow, Pis  in shadow. 

4. Sky Illumination and Sun Penumbras 

The shadows on the ground in figure 10 have sharp 
edges separating light and shadow regions of constant 
color. This is incorrect for two reasons; the finite 
sized disc of the sun should create a shadow penum- 
bra, and the effects of illumination and shadowing of 
the sky hemisphere should cause shading variation 
even in the umbra and fully lit regions. 



Shadow penumbras and sky illumination were in- 
troduced to computer graphics by Nishita and Naka- 
mae in [29] and [30] respectively. In [31], I combined 
these effects in a uniform way using the concept of 
the convolution and the Fast Fourier Transform 
(Fm. 

I assumed that the sky (with clouds) and the sun 
were on a sphere at infinity, approximated by a finite 
sized rectangle T of direction vectors in the plane z = 
1 ,  rather than the whole infinite plane, and that the 
leaf canopy can be approximated by a shadow mask 
in a single plane at the average vertical height h of the 
leaves. In [3  I],  I analyzed the errors introduced by 
these two assumptions, and concluded that they were 
small. 

The shadow mask M(x, y) in the plane z = h is just 
a translated version of the shadows on the ground 
shown in figure 10. The mask is zero where a parallel 
source sun with an infinitessimal disc would be 
blocked, and the mask is one where the light would 
get through. The sun plus sky radiance is a function 
R(o), where o = (u, v, w )  is a unit direction vector. We 
can also think of the radiance as a function J(x, y) de- 
fined on rectangle S in the plane z = h, which is a 
scaled version of T, that is, R ( o )  = J(x, y) with (x ,  y) = 
(hulw, hvlw). 

For a specific origin point 0 on the ground, the 
non-occluded part of the sunlsky radiance is then the 
product M(x,  y) J(x, y). For any other point P = 0 -e 
(k, I), the tree canopy mask appears translated but the 
illumination from the sun and sky does not, so P sees 
radiance R(o) = M(x + k, y + I) J(x, y). The irradiance 
I(P) at P, used to determine the diffuse shading, is 

/ ( P )  = jR(w)cos(B)do 

where R is the unit hemisphere above the ground, and 
8 is the angle between o and the vertical surface nor- 
mal. By a change of variables (see [31] or [32]), and 
by approximating the integral over the infinite plane 
by the integral over the rectangle S,  we have 

R 

which is a correlation between M(x, y) and K(x, y) = 
~ ( x ,  y )  / (2 + 3 + or else a convolution of ~ ( x ,  
y) and K(-x, -y). If M and K are both represented as n 
by n rasters, this convolution integral can be comput- 
ed with n2 multiplications and n2-1 additions, so the 
time to compute I (P)  for all n2 points P = o + (k, I )  in 
an n by n raster would be O(n4). 

By the convolution theorem, this convolution can 
instead be computed for all n2 points P by taking the 
Fourier transforms of M and K, multiplying them, and 
then taking the inverse Fourier transform. If each of 
the necessary 2D Fourier transforms are done by ap- 
plying the O(n log n) cost 1D FFT algorithm 2n 
times, first on the n rows and then on the n columns, 
the total cost is O(n2 log n), which is much faster than 

Figure 13 shows a raster image of the shadows on 
the ground plane, with penumbras and sky illumina- 
tion, and figure 14 shows the final result, with these 
shadows texture-mapped onto the ground plane. Note 
the blurred shadow penumbra from the sun, and the 
fact that the shading is not constant even in the umbra 
and fully lit regions. (The sun at a slightly different 
position than in figure IO.) In the animation “Sun and 
Shade” [33], the clouds move in front of the sun, and 
the sun illumination decreases non-monotonically un- 
til only the sky illumination is left. The light beam ef- 
fect in figure 10 was added, proportional to the sun 
illumination. 

0(~4) .  

Figure 13. Shadow image with sky illumination and sun penum- 
bra effects. Reprinted with permission from [3l]. 
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5. Penumbras from Layered Depth Images 

Another method to give accurate penumbra width 
variation for objects like tree trunks is to use distrib- 
uted ray tracing, as in [36], tracing rays from various 
points on the surface area projecting onto the pixel to 
various points on (or directions to) the light source. 
For a complex tree or forest model, this could be very 
expensive. On the other hand, if we use layered depth 
images as in section 2, the data size is more indepen- 
dent of the model complexity. Lischinski and Rap- 
poport [37] were the first to do ray tracing in an LDI, 
for the purposes of reflections in shiny or glossy sur- 
faces. In [38 ], Brett Keating and I optimized ray trac- 
ing in an LDI as applied to shadow penumbras. 

The scene geometry is converted into an LDI from 
the point (or direction) of view of the light source. 

Figure 15. Shadow penumbras cast from a leafless bush. 

Instead of tracing shadow rays from random points 
on the surface area projecting to the pixel to random 
points on the light source, effectively doing 4D Mon- 
te Carlo integration, we traced rays from random 
points on the surface area to deterministic points on 
the light source corresponding to scaled versions of 
the surface positions, thus doing 2D Monte Carlo in- 
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Figure 19 shows a bamboo grove 011 an overcast Wemnces: 
day, without shadows. 
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